All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Preterm birth is a significant public health challenge, affecting approximately 12% of the infants born in the US \[[@pone.0142860.ref001]\]. Complications of preterm birth extend far beyond the newborn period because affected children may experience adverse neurodevelopmental outcomes in multiple developmental domains. Those born before 32 weeks gestation, approximately 1.5% of the population of infants, are at substantial risk for adverse neurodevelopmental delays and disorders such as cerebral palsy, compromised intelligence, attention deficit hyperactivity disorder, and weak visual-spatial, language, and executive function skills \[[@pone.0142860.ref002]\], though even in this subgroup many children seem unaffected. Unfavorable outcomes have been attributed in large part to injury to the white matter of the brain \[[@pone.0142860.ref003]--[@pone.0142860.ref005]\]. Diffusion magnetic resonance imaging (dMRI) has proven to be a particularly useful technique for interrogating white matter status in children born preterm \[[@pone.0142860.ref006]--[@pone.0142860.ref008]\]. Several studies have used dMRI with individualized tractography for precise identification and characterization of specific tracts \[[@pone.0142860.ref009]--[@pone.0142860.ref013]\], but most studies limit the interrogation to a small number of white matter tracts.

In the present study, we used dMRI with tractography to simultaneously evaluate diffusion properties along 18 multiple major cerebral white matter pathways in a sample of children and adolescents who had been born preterm, in comparison to age-matched peers born full term. We used this 'wide lens' approach to test two common assumptions about the neural consequences of premature birth. First, we examined whether white matter impairments occur throughout periventricular regions of white matter and more diffusely in tracts non-adjacent to the lateral ventricles. Second, we examined whether prematurity is associated primarily with reductions in white matter anisotropy. A direct test of these common assumptions is important to improve our understanding regarding white matter development in children born preterm as well as full term. In addition, the results have important implications for understanding how white matter pathways contribute to the wide range of functional outcomes in children and adolescents born preterm.

In the past, the most common form of white matter injury involved cystic lesions, usually found in the periventricular zone, and therefore called periventricular leukomalacia (PVL). In the current era of improved neonatal medical care, the prevalence of cystic lesions has dramatically declined \[[@pone.0142860.ref014]\] but non-cystic lesions have been found in similar locations and called periventricular white matter injuries (PWMI) \[[@pone.0142860.ref004]\]. Such white matter injury has been attributed to the vulnerability of the oligodendrocyte precursor line, the cells that are ultimately responsible for myelination. Between 23 and 32 weeks gestation, oligodendrocyte progenitor cells are highly vulnerable to common complications of preterm birth, including hypoxia-ischemia and systemic infection or inflammation \[[@pone.0142860.ref015], [@pone.0142860.ref016]\]. In the aftermath of such injuries, regenerated oligodendrocyte progenitors also show arrested maturation, with failure to fully differentiate and to myelinate axons \[[@pone.0142860.ref016], [@pone.0142860.ref017]\].

The predilection for injury in periventricular regions is thought to arise from the high proportion of oligodendrocyte progenitor cells in these areas \[[@pone.0142860.ref015]\]. In animal models of prematurity, regional variation in the degree of oligodendrocyte maturity has been observed to coincide with the severity and distribution of hypomyelination \[[@pone.0142860.ref018]\]. Such findings suggest that the distribution of white matter injuries may also include non-periventricular regions and may be related to the timing of the acute insult or the nature and duration of chronic processes \[[@pone.0142860.ref016], [@pone.0142860.ref017]\]. However, the extent of diffuse white matter injuries in non-periventricular white matter regions has yet to be fully characterized.

Diffusion MRI has become the most common method for detecting and quantifying white matter microstructural changes associated with clinical conditions, such as preterm birth. White matter microstructure is typically quantified by calculating fractional anisotropy (FA), a scalar value that indexes the degree of directional preference in water diffusion \[[@pone.0142860.ref019], [@pone.0142860.ref020]\]. FA can be decomposed into axial diffusivity (AD) and radial diffusivity (RD), which quantify the speed of water diffusion along the principal and perpendicular diffusion directions, respectively. Mean diffusivity (MD) is a measure for the average rate of water displacement within a voxel. Within white matter, increased levels of FA have generally been associated with favorable neurobiological factors, such as increased myelination, greater axonal count and axonal density \[[@pone.0142860.ref021], [@pone.0142860.ref022]\]. It has been argued that RD reflects myelin content and AD reflects axonal status \[[@pone.0142860.ref023]--[@pone.0142860.ref027]\], but such interpretations for diffusion properties may be oversimplified \[[@pone.0142860.ref022], [@pone.0142860.ref028]\]. Other tissue factors may have counteracting effects on FA, such as directional coherence and the proportion of crossing-fibers within a voxel \[[@pone.0142860.ref029]\].

Some of the first dMRI studies to evaluate white matter status in children born preterm involved voxel-based analyses. At term equivalent age, these studies have generally found decreased FA and/or increased RD in preterm compared to the full term born neonates \[[@pone.0142860.ref006]\], consistent with reduced myelin content in the preterm samples. However, increased FA in specific regions has also been reported \[[@pone.0142860.ref030], [@pone.0142860.ref031]\]. Differences in diffusion properties persist from the neonatal period into childhood \[[@pone.0142860.ref032]--[@pone.0142860.ref034]\], adolescence \[[@pone.0142860.ref035]--[@pone.0142860.ref038]\] and adulthood \[[@pone.0142860.ref039], [@pone.0142860.ref040]\]. Studies of younger children have generally observed decreased FA in the preterm compared to full term sample \[[@pone.0142860.ref032]--[@pone.0142860.ref034]\]. Studies of adolescents and adults born preterm are inconsistent in their findings; studies find areas where preterm groups demonstrate significantly decreased FA \[[@pone.0142860.ref035], [@pone.0142860.ref036]\], increased FA \[[@pone.0142860.ref038]\], both increased and decreased FA \[[@pone.0142860.ref037], [@pone.0142860.ref039], [@pone.0142860.ref040]\], or no differences between the preterm and full term groups \[[@pone.0142860.ref041]\]. A limitation of voxel-based approaches for group comparisons is that brain images must not only be initially co-registered to a common template based on brain shape and tissue boundaries, but must also be normalized or warped to ensure proper alignment of white matter tracts across subjects \[[@pone.0142860.ref028]\]. The requirements for normalization may be particularly problematic for comparisons involving clinical populations, such as children born preterm, where individual variability in ventricular size and/or unusual image contrasts are likely to be higher than in typical populations. Such variations can require higher degrees of warping to achieve normalization and may result in the comparison of non-equivalent white matter structures. Imprecise normalization opens the possibility that group differences may reflect partial volume effects rather than real differences in the properties of any specific white matter structure \[[@pone.0142860.ref028]\].

Diffusion MRI analyzed with tractography is generally regarded as the most precise method for fiber reconstruction within individual subjects \[[@pone.0142860.ref042]\]. Though prone to similar methodological limitations in terms of initial co-registration for anatomical referencing, tractography methods have been developed that do not require normalization for the comparison of equivalent white matter tracts across subjects \[[@pone.0142860.ref042], [@pone.0142860.ref043]\]. Tracking within native space allows for the comparison of equivalent fiber pathways across individuals even if those tracts are in slightly different locations within the brain. Tractography methods have increasingly been used to identify and interrogate white matter status of specific fiber pathways in children born preterm. The dMRI tractography studies that compare preterm neonates at- and near- term equivalent ages with full term neonates provide evidence of early impaired connectivity \[[@pone.0142860.ref044]--[@pone.0142860.ref046]\]. Tractography studies also find associations between perinatal diffusion measures and clinical outcomes \[[@pone.0142860.ref007], [@pone.0142860.ref016], [@pone.0142860.ref044], [@pone.0142860.ref047]--[@pone.0142860.ref052]\] and FA increases with increasing gestational age \[[@pone.0142860.ref051]\]. Group differences in diffusion properties of white matter in preterm compared to full term samples have also been investigated in older children \[[@pone.0142860.ref009], [@pone.0142860.ref010], [@pone.0142860.ref012]\] and adolescents \[[@pone.0142860.ref011], [@pone.0142860.ref013]\]. These structural studies have generally observed decreased mean FA of white matter tracts in the preterm sample compared to the full term sample \[[@pone.0142860.ref009]--[@pone.0142860.ref012]\]. However, studies have also observed regions of increased FA in the preterm sample \[[@pone.0142860.ref011]\] or no difference between the groups \[[@pone.0142860.ref013]\].

Tractography studies of preterm samples have typically focused on analysis of a single fiber tract or a small group of functionally related pathways, possibly because manual tractography approaches are laborious and time-consuming. Recently developed automated approaches for fiber tracking \[[@pone.0142860.ref042], [@pone.0142860.ref053]\] now afford the ability to rapidly identify multiple white matter tracts within individuals of a given sample. An advantage of the Automated Fiber Quantification method (AFQ) \[[@pone.0142860.ref042]\] is that it identifies equivalent brain structures in native space within each subject individually, and also allows for the comparison of diffusion properties along the trajectory of each tract (tract profiles) rather than a comparison of averaged diffusivity values across the entire tract. Analysis of tract profiles has the advantage of revealing localized group differences that might otherwise be obscured by entire tract means, while also limiting the possibility of including tract regions where partial voluming with gray matter may be more prevalent \[[@pone.0142860.ref011], [@pone.0142860.ref042], [@pone.0142860.ref054], [@pone.0142860.ref055]\]. In the current study, we compared tract profiles from a sample of children and adolescents born either preterm or full term to determine if group differences would occur throughout periventricular tracts segments and also diffusely in tracts non-adjacent to the lateral ventricles. In addition, we compared tract profiles of the preterm and full term groups to determine whether preterm children would demonstrate increased or decreased FA both within and across different tract trajectories in comparison to full term controls.

Based on the evidence described above, we hypothesized that we would observe group differences in the tracts known to course adjacent to the lateral ventricles: the cortical-spinal tracts, forceps major, forceps minor, inferior fronto-occipital fasciculus, and inferior longitudinal fasciculus \[[@pone.0142860.ref056]\]. We anticipated that the preterm group would demonstrate both decreased and increased FA compared to the full term group within these tracts, based on previous findings in a voxel-based analysis of this cohort \[[@pone.0142860.ref038]\] and on recent tractography results in children and adolescents born preterm \[[@pone.0142860.ref011]\]. We explored evidence for diffuse white matter impairments by examining evidence for group differences in FA within tracts that do not course adjacent to the lateral ventricles: the arcuate fasciculus, uncinate fasciculus, anterior thalamic radiations, cingulum and anterior superior longitudinal fasciculus. In general, group differences identified in this age range were expected to represent the long-term consequences of white matter injury and/or dysmaturity that may occur after preterm birth.

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

Participants took part in a multiple site study of prematurity outcomes \[[@pone.0142860.ref038], [@pone.0142860.ref057]--[@pone.0142860.ref061]\]. The current paper reports on data from participants who enrolled in the Palo Alto, CA site of that study and completed MRI scanning at Stanford University. DTI data from a subset of the preterm group was previously analyzed using different analytic approaches \[[@pone.0142860.ref038], [@pone.0142860.ref060], [@pone.0142860.ref061]\]. DTI data from the full term group was previously included in a larger normative sample analyzed using tractography \[[@pone.0142860.ref042]\]. Preterm birth was defined as gestational age \< 36 weeks. Range of current preterm sample was 26.0--34.5 weeks. Full term was defined as gestational age ≥ 37 weeks. Range of current full term sample was 37.0--40.0 weeks. Exclusion criteria for all participants included active seizure disorder, hydrocephalus, receptive vocabulary score \< 70, sensorineural hearing loss, and non-native speaker of English. Approval for the study was granted by the Stanford University institutional review board \#IRB-6985. A parent or legal guardian provided informed written consent and children provided written assent. Participants were compensated for participation.

Participants were between the ages of 9--17 years old at the time of scanning (n = 46; 23 males, mean age = 12.9 ±2.2), and were born either preterm (n = 28) or full term (n = 20). We excluded from analysis one child born preterm who had no arcuate fasciculus bilaterally, had very abnormal values of FA throughout the brain, and who was described in a case study \[[@pone.0142860.ref062]\], and one child born full term with an incidental finding of an arachnoid cyst. Thus, the final number of participants analyzed for the preterm group was 27 and for the full term group 19. Full term participants were evaluated and scanned for research purposes only.

Demographic data for the preterm and full term groups is presented in [Table 1](#pone.0142860.t001){ref-type="table"}. The groups did not differ significantly in age, gender, handedness, maternal education, and non-verbal or verbal IQ. \[[@pone.0142860.ref038], [@pone.0142860.ref057]--[@pone.0142860.ref061]\]. Maternal education level was dichotomized with "low" defined as less than a college degree and "high" as at least a college degree. IQ was measured by the Wechsler Abbreviated Scale of Intelligence (WASI), a widely used, nationally standardized test of general intellectual ability \[[@pone.0142860.ref063]\]. By design, the preterm sample had significantly decreased gestational age and birth weight than the full term sample. One full term and three preterm subjects were left-handed, and three full term and two preterm subjects were ambidextrous, as measured by the Edinburgh Handedness Inventory \[[@pone.0142860.ref064]\]. Review of T1 images revealed that 4 of the 27 preterm subjects had extreme ventricular enlargement that might affect measurement of diffusion properties in the periventricular regions \[[@pone.0142860.ref055]\]. The analyses described below were repeated excluding these subjects to assure that the reported group differences were not driven by their data.

10.1371/journal.pone.0142860.t001

###### Demographic Measures: Preterm and Full Term Groups.

![](pone.0142860.t001){#pone.0142860.t001g}

                            Preterm (*n* = 27) M ± SD or *n* (%)   Full Term (*n* = 19) M ± SD or *n* (%)   *t* or *X* ^*2*^
  ------------------------- -------------------------------------- ---------------------------------------- ----------------------------------------------
  Age                       12.92 ± 2.32                           12.90 ± 2.12                             -0.03
  Males                     14 (52%)                               9 (47%)                                  0.09
  Maternal Education        3 (11%)                                6 (32%)                                  2.97
  White                     18 (67%)                               10 (53%)                                 0.92
  Non-Verbal IQ             106.63 ± 14.37                         107.26 ± 12.92                           0.88
  Verbal IQ                 108.82±16.74                           113.63±16.74                             0.35
  Handedness                62.31 ± 57.64                          60.53 ± 42.23                            -0.11
  Gestational Age (weeks)   28.31 ± 2.31                           39.17 ± 1.13                             18.89[\*\*](#t001fn001){ref-type="table-fn"}
  Birth Weight (g)          1198 ± 465                             3154 ± 407                               14.76[\*\*](#t001fn001){ref-type="table-fn"}

\*\**p* \< .01

Medical information was available for 25 of 27 preterm subjects. Medical complications at birth in the preterm group were: six with abnormal findings on head ultrasounds or MRIs (≥ grade 2 intraventricular hemorrhage, echodensities, or cystic lesions), two with mildly abnormal findings (grade 1 hemorrhage or choroid plexus cyst); 12 had respiratory distress syndrome, five developed bronchopulmonary dysplasia (BPD) or chronic lung disease; four had patent ductus arteriosus (PDA); none had necrotizing enterocolitis (NEC); one was small for gestational age (≤ 3rd percentile birth weight for gestational age).

A neuroradiologist unaware of the child's medical conditions evaluated the T1- and T2-weighted MRI scans of the preterm group, using a white matter scoring system derived from \[[@pone.0142860.ref065]\]. Each scan was scored from 5 to 15, based on a 3-point scale for five white matter features: white matter signal abnormality, periventricular white matter volume loss, cystic abnormalities, ventricular dilation, and thinning of the corpus callosum. We classified the scans as normal (score ≤6), mild-moderate (\>6 and ≤12), or severe (\>12) injury. Of the 27 preterm subjects, 13 were classified as normal, 10 were classified as having mild-moderate injury, and 4 as having severe injury. Previous evidence has shown that dMRI can be sensitive to microstructural differences in white matter in the absence of gross structural injuries in preterm neonates \[[@pone.0142860.ref066]\] and adolescents born preterm \[[@pone.0142860.ref011]\]. Moreover, a study of white matter volumes found that the results of both early and concurrent MRI scans did not affect white matter measurements \[[@pone.0142860.ref067]\]. We included all preterm subjects in group analyses regardless of gross white matter injury scores, consistent with other studies of this population \[[@pone.0142860.ref011]\]. However, we analyzed the data with and without the children with severe injury included in the group (see below).

MRI Acquisition {#sec004}
---------------

MRI data were acquired on a 3T Signa Excite scanner (GE Medical Systems, Milwaukee, WI) at Stanford University. T1 images included three high resolution inversion recovery (IR)-prep 3D fast-spoiled gradient (FSPGR) scans collected in the axial plane. The first T1 (field of view (FOV) = 240 x156 mm, matrix size = 256 x 192, voxel size 0.9375 x 0.8125 x 1.2 mm, TI = 300 ms, flip angle = 15 degrees, number of excitations (NEX) = 1) was subsequently averaged with two additional T1 scans (FOV = 240 x 180 mm, matrix size = 260 x 192, voxel size 0.9231 x 0.9375 x 0.9 mm, TI = 300 ms, flip angle = 15 degrees, NEX = 1). T2 fluid attenuated inversion recovery (FLAIR) images were also collected (repetition time 9500ms, echo time 120ms, FOV 220, slices 5.0mm, no gaps) but were not analyzed.

For dMRI and tractography, a diffusion-weighted, single-shot, spin-echo, echo-planar imaging sequence (TE = 80 ms, TR = 6500 ms, FOV = 240 mm, matrix size = 128 x 128, voxel size = 1.875 x 1.875 x 2 mm) was used to acquire 60 slices, in 30 different diffusion directions (b = 900). The sequence was repeated 4 times for improved SNR, and 10 non-diffusion weighted (b = 0) volumes were collected as well.

Data Preprocessing {#sec005}
------------------

The T1 images were co-registered to each other using a mutual information maximization algorithm (SPM5, <http://www.fil.ion.ucl.ac.uk/spm/>) and subsequently averaged for improved contrast. A trained research assistant manually identified the anterior and posterior commissures on the midsagittal plane, and these points were used to align the averaged anatomical image to a canonical ac-pc orientation, using a rigid body transformation (implemented in SPM5; no warping was applied).

Diffusion MR images were pre-processed with open-source software, mrDiffusion (<http://white.stanford.edu/newlm/index.php/MrDiffusion>) implemented in MATLAB R2012a (Mathworks, Natick, MA). Eddy current distortions and subject motion in the diffusion weighted images were corrected by a 14-parameter constrained non-linear co-registration algorithm based on the expected pattern of eddy-current distortions, given the phase-encoding direction of the acquired data \[[@pone.0142860.ref068]\]. No subjects were excluded due to excessive head motion and no volumes were discarded. Additional analyses confirmed that full term and preterm groups also did not significantly differ in terms of translational head motion detected during image preprocessing (see [S1 Text](#pone.0142860.s007){ref-type="supplementary-material"}). Diffusion data were aligned to the T1 anatomical scans that had been averaged and rotated to align with the ac-pc plane. Alignment between dMRI and T1 data was achieved by registering the b0 images to the resampled T1 image using the same mutual information maximization algorithm used for T1 image co-registration provided through SPM5.

For each voxel in the aligned and resampled volume, tensors were fit to the diffusion measurements using a robust least-squares algorithm designed to remove outliers and data points corrupted by motion at the tensor estimation step (Robust Estimation of Tensors by Outlier Rejection (RESTORE) \[[@pone.0142860.ref069]\]. A continuous tensor field was estimated using trilinear interpolation of the tensor elements. We computed the eigenvalue decomposition of the diffusion tensor and the resulting three eigenvalues (λ1, λ2, λ3) were used to compute fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) \[[@pone.0142860.ref019]\]. The accuracy of image co-registration was verified in individual subjects by overlaying a white matter mask that included diffusion image voxels with FA \>0.2 onto the average T1 image and visually inspecting the anatomical alignment.

Fiber tracking and segmentation {#sec006}
-------------------------------

Fiber tracking and tract segmentation were performed using an open source software, Automated Fiber Quantification (AFQ; <https://github.jyeatman/AFQ>) implemented in MATLAB R2012a (Mathworks, Natick, MA).

AFQ consists of three major processing steps: (1) whole-brain tractography (2) automatic tract segmentation and cleaning, and (3) fiber quantification \[[@pone.0142860.ref042]\]. Whole brain tractography was performed using a deterministic streamlines tracking algorithm (STT) \[[@pone.0142860.ref069]--[@pone.0142860.ref071]\], with a fourth-order Runge-Kutta path integration method \[[@pone.0142860.ref072]\]. The fiber tracking algorithm was seeded with a white matter mask defined as all the voxels with FA value greater than 0.2 in the entire brain volume. Tracking proceeded in all directions and stopped when FA dropped below 0.15 or when the angle between the extension of a line in the direction of the current step and the direction of the next step was greater than 30°.

Tract segmentation was achieved using a multiple waypoint ROI procedure as defined by \[[@pone.0142860.ref073]\] and automated in AFQ \[[@pone.0142860.ref042]\]. During AFQ processing, an estimated non-linear transformation \[[@pone.0142860.ref074]\] was applied to automatically warp predefined ROIs from the Montreal Neurological Institute (MNI) template into an individual's native space. In this approach, ROIs are defined such that they isolate the central portion of the tract where fibers are most coherently bundled. Fibers are considered to belong to a specific tract only if they pass through both waypoint ROIs as specified in \[[@pone.0142860.ref073]\]. Using this procedure, we isolated for each individual 18 major pathways in the participant's native space. This included the posterior and anterior segments of the corpus callosum (forceps major, FMajor and forceps minor, FMinor, respectively), and 8 pairs of bilateral pathways: the anterior thalamic radiations (ATR), corticospinal tract (CST), cingulum (Cing), inferior fronto-occipital fasciculus (IFOF), inferior longitudinal fasciculus (ILF), anterior superior longitudinal fasciculus (aSLF), uncinate fasciculus (UF) and the arcuate fasciculus (Arc). Tracts were cleaned automatically using a statistical outlier rejection algorithm \[[@pone.0142860.ref069]\] for removing outlier fibers.

In a small proportion of tracts and individuals, cleaned tracts still included looping fibers that re-crossed both ROIs: Cing-L (4 preterm subjects; 1 of 4 had enlarged ventricles); FMajor (1 preterm subject; 0 of 1 had enlarged ventricles); aSLF-L (1 full term subject). These fibers were removed using Quench, a gesture based segmentation and visualization tool (<http://white.stanford.edu/newlm/index.php/QUENCH>). No other tracts required manual editing. The same investigator (KET) also verified that ROI placement for fiber segmentation was anatomically accurate in the small proportion of subjects in whom tracts were not reliably identified (see [S1 Table](#pone.0142860.s002){ref-type="supplementary-material"}). This procedure ensured that failure to detect these tracts was unlikely to be a consequence of inaccurate ROI placement.

Fiber Tract Quantification {#sec007}
--------------------------

FA was calculated at 30 equidistant nodes along a central portion of each fiber tract bounded by the same two ROIs used for tract segmentation. Tract extremities beyond these ROIs were not included in the analysis. This procedure generates, for every tract and every individual, an FA tract profile that describes the variations in FA along the central portion of the tract. At each node, diffusion properties (FA, RD, AD, MD) were calculated by taking a weighted average across all fibers belonging to this tract. Each fiber's contribution to the average was weighted by the probability that a fiber was a member of the fascicle, computed as the Mahalanobis distance from the tract core \[[@pone.0142860.ref042]\]. This procedure minimizes the contribution of fibers located further from the fiber tract core that are more likely to reflect a mixture of gray and white matter or of different tracts, and so minimizes the effect of partial voluming on diffusion estimates.

Classification of periventricular tracts and nodes {#sec008}
--------------------------------------------------

Tracts were first classified as periventricular or non-periventricular based on a white matter atlas \[[@pone.0142860.ref056]\]. A tract was considered to be periventricular if its trajectory traverses adjacent to the lateral ventricles. Based on this definition, we classified the CST, FMajor, FMinor, IFOF, and ILF as periventricular tracts and the Arc, UF, ATR, Cing and aSLF as non-periventricular tracts. We next loaded tract renderings of each of the periventricular tracts from representative full term and preterm subjects in Quench, to visually approximate the location of the lateral ventricles and to confirm that the ROI bounded portion of the tract traverses adjacent to the lateral ventricles. Nodes that were adjacent to the lateral ventricles were approximated on tract renderings using ac-pc coordinate information provided for each node in the tract profile.

Volume estimation {#sec009}
-----------------

Volume estimates were obtained for the core region of each tract (ie., region between ROI1 and ROI2) and the whole-brain fiber group for each subject. Volume was estimated as the number of voxels covered by one or more streamlines in the aligned T1-image \[[@pone.0142860.ref075]\]. Volume estimates for each tract were normalized by dividing each tract volume estimate by the volume estimate for the whole brain fiber group. This step was performed to confirm that differences in tract diffusion properties did not reflect a general difference in white matter volume between full term and preterm groups.

Statistical Analyses {#sec010}
--------------------

### Analyses of demographic variables {#sec011}

Chi-square tests and two-tailed *t*-tests for independent samples were used to examine differences between the preterm and full term samples on demographic variables.

### Group comparisons of tract properties: omnibus tests {#sec012}

Given that white matter changes are known to occur during the age range of the current sample \[[@pone.0142860.ref076]\], we first assessed FA in relation to age in the preterm and full term groups separately to determine whether it was necessary to control for age in group analyses. This step was achieved by calculating Spearman correlations between age at DTI scan and mean FA for each tract. In the full term group, we found three tracts (Arc-R, Cing-L, Cing-R) in which age associations were present. In the preterm group, we found an age association within the ILF-L. The resulting statistics of this analysis are presented in [S2 Table](#pone.0142860.s003){ref-type="supplementary-material"}. To identify age-associations that may have been obscured by whole tract mean measures, we also calculated Spearman correlations between age at DTI scan and FA at 30 locations along each tract. These analyses revealed additional significant positive age-associations (p \< 0.05, uncorrected) within the full term (CST-L, CST-R, ATR-L, ATR-R,) and preterm groups (CST-R, FMinor, UF-R, IFOF-R) that were not apparent in analyses with whole tract mean measures. Given these findings, we included participant's age at the time of scanning in the subsequent ANCOVAs as a continuous covariate in order to isolate group differences independent of age. For consistency, we include age at DTI scanning as a continuous covariate for all tracts.

We assessed group differences in tract properties by calculating, for each tract, a mixed design three-way analysis of co-variance (ANCOVA) \[[@pone.0142860.ref077]\], with Group (preterm versus full term) as a between-subject factor, while Hemisphere (left versus right tract homologs) and Location (30 nodes along the tract) served as within-subject measures. FA profiles of the Forceps Major and Forceps Minor were divided along the midsagittal plane to allow a comparison of their left (nodes 1--15) and right (nodes 16--30) sections, similarly to the left and right homologs of each tract. Degrees of freedom were corrected using Greenhouse-Geisser estimates in cases where sphericity was violated \[[@pone.0142860.ref078]\]. Group differences were considered to be significant at p \< 0.05. To control for multiple comparisons across tracts, the significance of omnibus tests was determined using a false discovery rate (FDR) of 5% \[[@pone.0142860.ref079]\].

To ensure that the results of this analysis were not driven by the four preterm subjects with extreme ventricular enlargement, ANCOVA analyses were repeated without these subjects. To determine if the present pattern for group differences in FA were secondary to differences in volume, we calculated t-tests for independent samples to examine whether mean volume for all tracts and the whole brain fiber group systematically varied between preterm and full term groups. T-tests for independent samples were then repeated using normalized tract volume for those tracts found to exhibit significant group differences.

Finally, since previous studies of older preterm children and adolescents have reported group differences in MD \[[@pone.0142860.ref011], [@pone.0142860.ref040]\], we also repeated ANCOVA analyses with mean diffusivity (MD) for completeness. Spearman correlations calculated between age at DTI scan and mean tract MD revealed significant age associations (p\<0.05) in 9 out of 18 tracts in the full term group ([S3 Table](#pone.0142860.s004){ref-type="supplementary-material"}). In the preterm group a significant age-association was observed only for the IFOF-R ([S3 Table](#pone.0142860.s004){ref-type="supplementary-material"}). Based on these findings, we included age at DTI scan as a continuous covariate to isolate group differences with MD that were independent of age. For consistency, we included age at DTI scanning as a continuous covariate for all tracts. The significance of omnibus tests with measures of MD was determined using a false discovery rate (FDR) of 5% \[[@pone.0142860.ref079]\].

### Location- and hemisphere- specific contrasts {#sec013}

To identify the hemisphere and tract segments (nodes) responsible for the group differences identified by the omnibus tests, we followed up on significant ANCOVA effects with sets of two-tailed t-tests for independent samples, comparing the FA values of the preterm and full term groups at each node along the tract profile (separated by hemisphere). These comparisons were calculated only for tracts identified by the ANCOVAs such that: (1) the tract showed a significant main effect of Group, or (2) the tract showed a significant interaction between Group and Location, or (3) the tract showed a significant interaction between Group and Hemisphere. We considered (2) and (3) essential because group effects could have occurred in opposing directions within different segments of the same tract or in different hemispheric homologs of the same tract. Location and hemisphere specific contrasts were not investigated further if group differences did not survive correction for multiple comparisons across tracts.

We employed a nonparametric permutation-based method to control for the 30 comparisons along the tract \[[@pone.0142860.ref080]\]. This procedure produced a family-wise error corrected cluster size and a critical t-value for each of the candidate tracts. Tract segments were considered significant if differences occurred either (1) in a sufficient number of adjacent nodes to meet the criteria for a family-wise error corrected cluster size or (2) in nodes in which the effect size was greater than the critical t-value.

### Exploratory analyses: gestational age, AD and RD {#sec014}

To further interrogate group differences, we analyzed the association between individual gestational age at birth in the preterm group and FA within tract segments that demonstrated significant group differences. We calculated Spearman correlations between gestational age at birth and mean FA extracted from the segments where significant group differences were detected in the along tract profile comparisons. These analyses were limited to the preterm group, to avoid a pseudo-correlation reflecting the group differences in both variables. To investigate the contributions of AD and RD to group differences in FA values, we computed a separate one-way multivariate analysis of variance (MANOVA) for each cluster of nodes identified in the tract profile analysis as showing a significant group difference in FA. Group (preterm versus full term) served as the between-subject variable and mean AD and mean RD served as the dependent variables. We chose to enter AD and RD into the same model in order to reduce the number of comparisons and increase power for detecting group differences.

Results {#sec015}
=======

Fiber Tracking {#sec016}
--------------

Using automated fiber segmentation procedures, we successfully identified 18 cerebral tracts of interest in the majority of both full term and preterm individuals ([Fig 1](#pone.0142860.g001){ref-type="fig"}). A small number of tracts were missed in one to three subjects (see [S1 Table](#pone.0142860.s002){ref-type="supplementary-material"}). In addition, we were unable to identify the Arc-R in 6 full term and 4 preterm subjects. We attribute the difficultly in identifying the Arc-R to limitations of deterministic tractography approaches that cannot account for higher tract curvature and increased partial voluming with the aSLF-R, a finding consistent with several other reports \[[@pone.0142860.ref043], [@pone.0142860.ref081]--[@pone.0142860.ref083]\].

![Tractography of 18 major cerebral white matter tracts.\
The left hemispheric cerebral tracts are displayed on mid-sagittal T1 images from a representative full term subject (a, b) and a representative preterm subject (c, d). Right hemisphere tract renderings not shown. Panels a and c illustrate the following tracts: Arcuate Fasciculus (Arc) = light blue; Corticospinal Tract (CST) = dark blue; Forceps Major (FMajor) = brown; Forceps Minor (FMinor) = dark red; Uncinate Fasciculus (UF) = yellow. Panels b and d illustrate the following tracts: Anterior Thalamic Radiation (ATR) = purple; Cingulum (Cing) = magenta; Inferior Fronto-occipital Fasciculus (IFOF) = red; Inferior Longitudinal Fasciculus (ILF) = orange; Anterior Superior Longitudinal Fasciculus (aSLF) = green. Dashed lines represent the location of the regions of interest (ROIs) used to isolate each cerebral tract; ROI 1, white; ROI 2, black.](pone.0142860.g001){#pone.0142860.g001}

Mean FA profiles from the preterm and full term groups for all 18 tracts are presented in Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"}. Tracts are separated into two figures for visualization purposes. FA profiles presented in [Fig 2](#pone.0142860.g002){ref-type="fig"} correspond to the tracts shown in [Fig 1A and 1C](#pone.0142860.g001){ref-type="fig"}. FA profiles in [Fig 3](#pone.0142860.g003){ref-type="fig"} correspond to the tracts shown in [Fig 1B and 1D](#pone.0142860.g001){ref-type="fig"}. Visual inspection of the suspected periventricular tracts (CST, FMajor, FMinor, IFOF and ILF) in representative full term and preterm subjects confirmed that these tracts contained regions adjacent to the lateral ventricles. These periventricular regions are marked by light shading on the relevant tract renderings in Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"}. Tract results are first described based on the order in which they appear in Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"} ([Table 2](#pone.0142860.t002){ref-type="table"}). For comparative purposes, group mean tract FA values for all 18 cerebral tracts are presented in [Table 3](#pone.0142860.t003){ref-type="table"}. In subsequent sections, this same ordering is then sub-divided by the direction of group differences: Preterm \< Full term and Preterm \> Full term (Tables [4](#pone.0142860.t004){ref-type="table"} and [5](#pone.0142860.t005){ref-type="table"}).

![Tract profiles in the preterm and full term groups.\
Mean FA profiles are shown for each of the cerebral tracts depicted in [Fig 1A and 1C](#pone.0142860.g001){ref-type="fig"}, for the full term group (solid green line) and the preterm group (solid purple line). Visualized tract profiles: left (a) and right (b) arcuate fasciculus; left (c) and right (d) corticospinal tract; (e) forceps major and (f) forceps minor; and left (g) and right (h) uncinate fasciculus. FA values are plotted for 30 equidistant nodes between the two ROIs used to isolate the core of each tract. For all tracts, node 0 corresponds to ROI-1 and node 30 corresponds to ROI-2. Dashed lines indicate ± 1 standard error of the mean. Tracts with significant Group by Location interactions in the omnibus test are indicated with a blue \*. Shaded gray background indicates a tract segment where mean FA of the PT is significantly decreased compared to the FT group. Tract renderings from a representative full term subject pictured in [Fig 1A and 1B](#pone.0142860.g001){ref-type="fig"} are shown next to each profile for illustration purposes. Light shading and white outline on the tract rendering indicates the approximate location of the periventricular zone in this participant, and the node numbers defining this zone are indicated next to the rendering. Arc = Arcuate Fasciculus; CST = Corticospinal Tract; FMajor = Forceps Major; FMinor = Forceps Minor; UF = Uncinate Fasciculus; PT = Preterm; FT = Full term; FA = Fractional Anisotropy; L = Left; R = Right.](pone.0142860.g002){#pone.0142860.g002}

![Tract profiles in the preterm and full term groups (continued).\
Color coding and visualization scheme same as in [Fig 2](#pone.0142860.g002){ref-type="fig"} (see caption to [Fig 2](#pone.0142860.g002){ref-type="fig"}). Visualized tract profiles: left (a) and right (b) anterior thalamic radiations; left (c) and right (d) cingulum; left (e) and right (f) inferior fronto-occipital fasciculus; left (g) and right (h) inferior longitudinal fasciculus; and left (i) and right (j) anterior superior longitudinal fasciculus. Dashed lines indicate ± 1 standard error of the mean. FA values are plotted for 30 equidistant nodes between two ROIs used to isolate the core of each tract. For all tracts Node 0 corresponds to ROI-1 and Node 30 corresponds to ROI-2. Tracts with significant main effect of Group in the omnibus test are indicated with a red \*. Tracts with significant Group by Location interactions in the omnibus test are indicated with a blue \*. Shaded gray regions indicate tract segments where mean FA of the PT group is significantly decreased than the FT group. Shaded light brown regions indicate tract segments where mean FA of the FT group is significantly increased than the PT group. Tract renderings from a representative full term subject pictured in [Fig 1A and 1B](#pone.0142860.g001){ref-type="fig"} are shown next to each profile for illustration purposes. Light shading and white outline on the tract rendering indicates the approximate location of the periventricular zone in this participant, and the node numbers defining this zone are indicated next to the rendering. ATR = Anterior Thalamic Radiation; Cing = Cingulum; IFOF = Inferior Fronto-occipital Fasciculus; ILF = Inferior Longitudinal Fasciculus; aSLF = Anterior Superior Longitudinal Fasciculus; PT = Preterm; FT = Full term; FA = Fractional Anisotropy; L = Left; R = Right.](pone.0142860.g003){#pone.0142860.g003}

10.1371/journal.pone.0142860.t002

###### ANCOVA results for the comparison of preterm and full term FA profiles.

![](pone.0142860.t002){#pone.0142860.t002g}

  Tract    Main Effect of Group                                          Group by Location Interaction                                Group by Hemisphere Interaction
  -------- ------------------------------------------------------------- ------------------------------------------------------------ ---------------------------------
  Arc      F = 0.56, p = 0.46                                            F = 1.87, p = 0.09                                           F = 0.49, p = 0.49
  CST      F = 2.93, p = 0.09                                            F = 0.69, p = 0.53                                           F = 0.02, p = 0.89
  FMajor   F = 2.92, p = 0.10                                            F = 2.43, p = 0.04[\*](#t002fn001){ref-type="table-fn"}      F = 0.41, p = 0.84
  FMinor   F = 0.01, p = 0.91                                            F = 1.12, p = 0.35                                           F = 2.71, p = 0.12
  UF       F = 4.27, p = 0.05                                            F = 3.87, p \< 0.01[\*\*](#t002fn002){ref-type="table-fn"}   F = 0.49, p = 0.49
  ATR      F = 6.16, p = 0.02[\*](#t002fn001){ref-type="table-fn"}       F = 1.52, p = 0.20                                           F = 0.72, p = 0.40
  Cing     F = 0.34, p = 0.57                                            F = 1.09, p = 0.37                                           F = 1.06, p = 0.31
  IFOF     F = 0.16, p = 0.69                                            F = 4.02, p \< 0.01[\*\*](#t002fn002){ref-type="table-fn"}   F = 0.48, p = 0.49
  ILF      F = 13.66, p \< 0.01[\*\*](#t002fn002){ref-type="table-fn"}   F = 5.24, p \< 0.01[\*\*](#t002fn002){ref-type="table-fn"}   F = 0.18, p = 0.67
  aSLF     F = 3.24, p = 0.08                                            F = 1.13, p = 0.34                                           F = 1.15, p = 0.29

\**p* \< 0.05

\*\**p* \< 0.01

Arc = Arcuate Fasciculus; CST = Corticospinal Tract; FMajor = Forceps Major; FMinor = Forceps Minor; UF = Uncinate Fasciculus; ATR = Anterior Thalamic Radiation; Cing = Cingulum; IFOF = Inferior Fronto-occipital Fasciculus; ILF = Inferior Longitudinal Fasciculus; aSLF = Anterior Superior Longitudinal Fasciculus

10.1371/journal.pone.0142860.t003

###### Mean Tract FA of 18 cerebral white matter tracts in Preterm and Full Term groups.

![](pone.0142860.t003){#pone.0142860.t003g}

  Tract                                             Preterm Mean FA (stdev)   Full Term Mean FA (stdev)
  ------------------------------------------------- ------------------------- ---------------------------
  Arc                                                                         
      Left                                          0.51 (0.04)               0.50 (0.03)
      Right                                         0.47 (0.04)               0.45 (0.04)
  CST                                                                         
      Left                                          0.62 (0.03)               0.60 (0.03)
      Right                                         0.62 (0.04)               0.60 (0.03)
  FMajor                                                                      
      Left                                          0.61 (0.07)               0.63 (0.06)
      Right                                         0.58 (0.06)               0.61 (0.04)
  FMinor                                                                      
      Left                                          0.57 (0.03)               0.57 (0.03)
      Right                                         0.60 (0.03)               0.59 (0.03)
  UF[\*](#t003fn002){ref-type="table-fn"}                                     
      Left[^+^](#t003fn003){ref-type="table-fn"}    0.41 (0.03)               0.43 (0.03)
      Right[^+^](#t003fn003){ref-type="table-fn"}   0.41 (0.04)               0.43 (0.03)
  ATR[\*](#t003fn002){ref-type="table-fn"}                                    
      Left[^+^](#t003fn003){ref-type="table-fn"}    0.43 (0.03)               0.41 (0.03)
      Right[^+^](#t003fn003){ref-type="table-fn"}   0.45 (0.05)               0.43 (0.03)
  Cing                                                                        
      Left                                          0.50 (0.06)               0.51 (0.04)
      Right                                         0.46 (0.04)               0.46 (0.05)
  IFOF[\*](#t003fn002){ref-type="table-fn"}                                   
      Left                                          0.48 (0.04)               0.48 (0.03)
      Right[^+^](#t003fn003){ref-type="table-fn"}   0.48 (0.03)               0.48 (0.02)
  ILF[\*](#t003fn002){ref-type="table-fn"}                                    
      Left[^+^](#t003fn003){ref-type="table-fn"}    0.44 (0.03)               0.41 (0.03)
      Right[^+^](#t003fn003){ref-type="table-fn"}   0.43 (0.03)               0.40 (0.03)
  aSLF                                                                        
      Left                                          0.47 (0.07)               0.46 (0.03)
      Right                                         0.50 (0.06)               0.47 (0.05)

stdev = standard deviation; Arc = Arcuate Fasciculus; CST = Corticospinal Tract; FMajor = Forceps Major; FMinor = Forceps Minor; UF = Uncinate Fasciculus; ATR = Anterior Thalamic Radiation; Cing = Cingulum; IFOF = Inferior Fronto-occipital Fasciculus; ILF = Inferior Longitudinal Fasciculus; aSLF = Anterior Superior Longitudinal Fasciculus

\* indicates tracts that demonstrated significant group differences in omnibus tests after correction for comparisons across tracts

\+ indicates tracts that contributed to group difference identified with omnibus tests

10.1371/journal.pone.0142860.t004

###### Locations along the white matter tracts in which Preterm and Full Term groups showed significant group differences in Fractional Anisotropy.

![](pone.0142860.t004){#pone.0142860.t004g}

  Tract                                                                                             Preterm Mean FA of significant nodes (95% CI)   Full Term Mean FA of significant nodes (95% CI)   *t* statistic for mean FA of significant nodes   Correlation with Gestational Age (*rs*)
  ------------------------------------------------------------------------------------------------- ----------------------------------------------- ------------------------------------------------- ------------------------------------------------ -------------------------------------------
  PT Mean FA \< FT Mean FA                                                                                                                                                                                                                             
  UF                                                                                                                                                                                                                                                   
      Left                                                                                                                                                                                                                                             
          15--27[^a^](#t004fn001){ref-type="table-fn"} ^,^ [^b^](#t004fn002){ref-type="table-fn"}   0.46 (0.44--0.48)                               0.50 (0.48--0.52)                                 -3.19                                            0.31
      Right                                                                                                                                                                                                                                            
          18--26[^b^](#t004fn002){ref-type="table-fn"}                                              0.46 (0.43--0.48)                               0.49 (0.47--0.51)                                 -2.38                                            0.20
  IFOF                                                                                                                                                                                                                                                 
      Right                                                                                                                                                                                                                                            
          18--19[^a^](#t004fn001){ref-type="table-fn"}                                              0.41 (0.39--0.43)                               0.46 (0.44--0.49)                                 -3.80                                            0.39[\*](#t004fn003){ref-type="table-fn"}
  PT Mean FA \> FT Mean FA                                                                                                                                                                                                                             
  ATR                                                                                                                                                                                                                                                  
      Left                                                                                                                                                                                                                                             
          12--15[^a^](#t004fn001){ref-type="table-fn"}                                              0.52 (0.50--0.53)                               0.48 (0.46--0.51)                                 2.84                                             -0.11
      Right                                                                                                                                                                                                                                            
          2--13[^b^](#t004fn002){ref-type="table-fn"}                                               0.46 (0.44--0.48)                               0.43 (0.41--0.44)                                 2.73                                             -0.12
  IFOF                                                                                                                                                                                                                                                 
      Right                                                                                                                                                                                                                                            
          10--13[^a^](#t004fn001){ref-type="table-fn"}                                              0.51 (0.49--0.54)                               0.47 (0.45--0.49)                                 2.98                                             -0.13
  ILF                                                                                                                                                                                                                                                  
      Left                                                                                                                                                                                                                                             
          7--19[^a^](#t004fn001){ref-type="table-fn"} ^,^ [^b^](#t004fn002){ref-type="table-fn"}    0.49 (0.47--0.51)                               0.43 (0.41--0.46)                                 3.60                                             -0.12
      Right                                                                                                                                                                                                                                            
          4--12[^a^](#t004fn001){ref-type="table-fn"} ^,^ [^b^](#t004fn002){ref-type="table-fn"}    0.50 (0.49--0.52)                               0.46 (0.44--0.48)                                 3.40                                             -0.35
          17--21[^a^](#t004fn001){ref-type="table-fn"}                                              0.40 (0.38--0.42)                               0.36 (0.34--0.38)                                 2.94                                             -0.07

^a^ significant for *t*-value, corrected

^b^ significant for cluster size, corrected

\* p \< 0.05 for Spearman correlation

CI = confidence interval; rs = Spearman correlation coefficient; PT = Preterm; FT = Full Term; FMajor = Forceps Major; UF = Uncinate Fasciculus; IFOF = Inferior Frontal Occipital Fasciculus; ATR = Anterior Thalamic Radiation; ILF = Inferior Longitudinal Fasciculus.

10.1371/journal.pone.0142860.t005

###### Mean AD and RD within segments of the white matter tracts in which group differences in FA reached statistical significance.

![](pone.0142860.t005){#pone.0142860.t005g}

  Tract (Significant Cluster)   Preterm Mean of cluster (95% CI)   Full Term Mean of cluster (95% CI)   F
  ----------------------------- ---------------------------------- ------------------------------------ ----------------------------------------------
  PT Mean FA \< FT Mean FA                                                                              
  UF-L (15--27)                                                                                         
      AD                        1.35 (1.32--1.37)                  1.28 (1.26--1.30)                    17.79[\*\*](#t005fn002){ref-type="table-fn"}
      RD                        0.57 (0.55--0.59)                  0.59 (0.58--0.61)                    2.55
  UF-R (18--26)                                                                                         
      AD                        1.32 (1.29--1.35)                  1.27 (1.25--1.29)                    8.51[\*\*](#t005fn002){ref-type="table-fn"}
      RD                        0.57 (0.55--0.59)                  0.59 (0.58--0.61)                    3.03
  IFOF-R (18--19)                                                                                       
      AD                        1.32 (1.29--1.35)                  1.26 (1.23--1.28)                    11.61[\*\*](#t005fn002){ref-type="table-fn"}
      RD                        0.60 (0.58--0.63)                  0.64 (0.63--0.66)                    8.53[\*\*](#t005fn002){ref-type="table-fn"}
  PT Mean FA \> FT Mean FA                                                                              
  ATR-L (12--15)                                                                                        
      AD                        1.30 (1.27--1.34)                  1.32 (1.29--1.35)                    0.62
      RD                        0.57 (0.54--0.59)                  0.54 (0.52--0.55)                    5.71[\*](#t005fn001){ref-type="table-fn"}
  ATR-R (2--13)                                                                                         
      AD                        1.24 (1.21--1.27)                  1.24 (1.21--1.26)                    0.04
      RD                        0.61 (0.58--0.63)                  0.57 (0.54--0.59)                    7.35[\*\*](#t005fn002){ref-type="table-fn"}
  IFOF-R (10--13)                                                                                       
      AD                        1.38 (1.35--1.40)                  1.42 (1.40--1.45)                    7.97[\*\*](#t005fn002){ref-type="table-fn"}
      RD                        0.65 (0.63--0.68)                  0.61 (0.58--0.63)                    6.58[\*](#t005fn001){ref-type="table-fn"}
  ILF-L (7--19)                                                                                         
      AD                        1.34 (1.30--1.38)                  1.35 (1.31--1.38)                    0.48
      RD                        0.67 (0.65--0.70)                  0.61 (0.59--0.63)                    19.60[\*\*](#t005fn002){ref-type="table-fn"}
  ILF-R (4--12)                                                                                         
      AD                        1.34 (1.32--1.37)                  1.41 (1.37--1.45)                    7.08[\*](#t005fn001){ref-type="table-fn"}
      RD                        0.64 (0.62--0.66)                  0.61 (0.59--0.63)                    3.84
  ILF-R (17--21)                                                                                        
      AD                        1.23 (1.20--1.26)                  1.24 (1.22--1.26)                    0.13
      RD                        0.72 (0.70--0.74)                  0.68 (0.65--0.70)                    6.12[\*](#t005fn001){ref-type="table-fn"}

\* *p* \< .05

\*\* *p* \< .01

CI = Confidence Interval; PT = Preterm; FT = Full Term; FMajor = Forceps Major; UF = Uncinate Fasciculus; IFOF = Inferior Fronto-occipital Fasciculus; ATR = Anterior Thalamic Radiation; ILF = Inferior Longitudinal Fasciculus; L = left; R = right.

Group comparisons of tract properties: Omnibus Tests (FA) {#sec017}
---------------------------------------------------------

ANCOVAs calculated using measures for FA and age as a covariate for each tract revealed significant main effects of Group in the ATR and ILF ([Table 2](#pone.0142860.t002){ref-type="table"}). Significant interactions were found between Group and Location in the FMajor, UF, IFOF, and ILF. Group comparisons remained significant after controlling for multiple comparisons across tracts at a 5% criterion for FDR for all tracts except for the FMajor. For this reason, location and hemisphere specific contrasts were not investigated further for the FMajor. No tracts demonstrated significant Group by Hemisphere interaction effects. No significant group effects or interactions were observed for the following five tracts: Arc, CST, FMinor, Cing and aSLF. In addition, no tracts demonstrated significant main effects or interactions with age except for a significant Age by Location interaction effect in the cingulum F(4.91,206.3) = 4.02 p \< 0.002.

Post-hoc analyses confirmed that group effects identified in the omnibus tests remained significant (p \< 0.05) after removing the four preterm subjects diagnosed with extreme ventricular enlargement. Since omnibus effects did not appear to be driven by these 4 cases, these subjects were included in all subsequent analyses.

Analyses of tract volume confirmed that group differences in FA were unlikely to be driven by systematic differences in tract volumes or volume of the whole brain fiber group ([S4 Table](#pone.0142860.s005){ref-type="supplementary-material"}). Tract volume was lower for the preterm than full term group in the FMajor and IFOF-R but no significant tract volume group differences were observed for any of the other 16 cerebral white matter tracts examined or for the whole brain fiber group from which individual tracts had been segmented ([S4 Table](#pone.0142860.s005){ref-type="supplementary-material"}). These group differences within the FMajor and IFOF-R remained significant (p \< 0.05) after controlling for the size of the whole brain fiber group. Further, the full term group was found to have significantly higher tract volume in tracts where the full term group demonstrated both significantly increased and decreased FA compared on the preterm group ([S4 Table](#pone.0142860.s005){ref-type="supplementary-material"}). Specifically, within the FMajor, the full term group demonstrated significantly (p \< 0.05) higher tract volume than the preterm group. In the IFOF-R, the full term group demonstrated significantly (p \< 0.05) higher tract volume than the preterm group, though the full term group was observed to demonstrate regions of both higher and lower FA.

Group comparisons of tract properties: Omnibus Tests (MD) {#sec018}
---------------------------------------------------------

ANCOVAs calculated using measures for MD and age as a covariate revealed a significant main effect of Group in the ILF ([S5 Table](#pone.0142860.s006){ref-type="supplementary-material"}). Significant interactions were found between Group and Location in the FMajor and FMinor ([S5 Table](#pone.0142860.s006){ref-type="supplementary-material"}). No tracts demonstrated significant Group by Hemisphere interaction effects. A significant main effect of age was observed for the UF (F(1,43) = 4.86, p = 0.03) and significant Age by Location interaction effects were observed for the CST (F(3.09,129.73) = 3.14, p = 0.02), FMinor (F(2.37,101.73) = 4.91, p = 0.006), and UF (F(2.55,109.84) = 2.96, p = 0.04). Group comparisons were no longer significant after controlling for multiple comparisons across tracts at a 5% criterion for FDR. For this reason, location and hemisphere specific contrasts were not investigated further.

Location- and Hemisphere- specific contrasts (FA) {#sec019}
-------------------------------------------------

In each tract that showed a significant main effect of Group or a significant interaction with Group, we compared the mean FA values for the two groups at each node along the tract, using two-tailed t-tests. Tract segments showing significant group differences are indicated in Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"} with a light gray background shading (preterm \< full term) or a light brown background shading (preterm \> full term). The pattern of results was generally similar in the left and right hemispheres, though the differences did not always rise to the level of statistical significance in both hemispheres. FA was significantly decreased in the preterm group compared to the full term group in the UF bilaterally ([Fig 2G and 2H](#pone.0142860.g002){ref-type="fig"}) and anterior segments of the IFOF-R ([Fig 3F](#pone.0142860.g003){ref-type="fig"}); see [Table 4](#pone.0142860.t004){ref-type="table"} for detailed statistics. In contrast, FA was significantly increased in the preterm group compared to the full term group within the ATR bilaterally ([Fig 3A and 3B](#pone.0142860.g003){ref-type="fig"}), posterior segments of the IFOF-R ([Fig 3F](#pone.0142860.g003){ref-type="fig"}), and the ILF bilaterally ([Fig 3G and 3H](#pone.0142860.g003){ref-type="fig"}) ([Table 4](#pone.0142860.t004){ref-type="table"}). In general, these detailed contrasts revealed that the preterm group demonstrated significant decreases as well as significant increases in FA relative to the full term group, in both periventricular and non-periventricular tracts (Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"}). Moreover, within specific periventricular tracts (IFOF, ILF), the preterm group demonstrated increased and decreased FA values both within and beyond the periventricular zone (Figs [2](#pone.0142860.g002){ref-type="fig"} and [3](#pone.0142860.g003){ref-type="fig"}).

Associations with Gestational Age within the Preterm group {#sec020}
----------------------------------------------------------

We performed Spearman correlations to determine if the gestational age at birth of the preterm sample was associated with FA within tract segments that demonstrated significant group differences. Correlation coefficients for each tract segment are reported in [Table 4](#pone.0142860.t004){ref-type="table"}. This analysis revealed a significant positive association between gestational age and FA in an anterior segment of the IFOF-R only (rs = 0.39, p \< 0.05; [Table 4](#pone.0142860.t004){ref-type="table"}, [S1 Fig](#pone.0142860.s001){ref-type="supplementary-material"}). No significant associations were observed for the remaining tract segments.

Group Comparisons: AD and RD {#sec021}
----------------------------

In tract segments in which we detected a significant group difference in FA, we conducted MANOVAs in order to assess whether this difference would be best explained by differences in AD or RD. These analyses revealed significant multivariate effects of group (FT vs PT) for all tracts (p \< 0.05). To identify whether group effects identified in the MANOVA were the result of group differences in AD, RD or both, we next performed post-hoc univariate ANCOVAs. The results of this analysis are reported in [Table 5](#pone.0142860.t005){ref-type="table"}. In the three tract segments in which the preterm group had decreased FA compared to the full term group (UF-L, UF-R, and IFOF-R), the preterm group showed increased AD compared to the full term group.

In tract segments in which FA was significantly increased in the preterm group compared to the full term group, the preterm group had significantly decreased RD compared to the full term group in the following tracts: ATR-L, ATR-R, IFOF-R, ILF-L, and ILF-R. The preterm group also had significantly increased AD compared to the full term group, with both AD and RD contributing to increased FA in the IFOF-R and the ILF-R.

Discussion {#sec022}
==========

Summary of Results {#sec023}
------------------

Using an automated, large-scale tractography approach, we identified 18 cerebral white matter tracts in a sample of children and adolescents born preterm and full term. We found significant group differences in FA within multiple tracts. Compared to the full term controls, the group of children born preterm had decreased FA in the uncinate fasciculus bilaterally and an anterior segment of the right inferior fronto-occipital fasciculus. By contrast, the preterm group had increased FA within the anterior thalamic radiations, posterior segments of the right inferior fronto-occipital fasciculus, and the inferior longitudinal fasciculus. These group differences occurred both within periventricular and non-periventricular tracts segments. Group differences did not appear to be explained by the 4 preterm subjects with ventricular dilation or by individual variations in tract volume. With the exception of the forceps minor, ANCOVA analyses repeated using MD did not reveal evidence for further microstructural differences in tracts beyond those identified using FA. Exploratory analyses revealed a significant positive association between FA and gestational age at birth of the preterm born individuals within an anterior region of the right inferior fronto-occipital fasciculus. Increased FA in the preterm group was generally associated with decreased RD, while decreased FA in the preterm group was associated with increased AD.

Group differences in periventricular tracts {#sec024}
-------------------------------------------

Consistent with our initial predictions, FA differences between the preterm and full term groups were found within periventricular white matter tracts, including the inferior fronto-occipital fasciculus and the inferior longitudinal fasciculus. Specific contrasts revealed that group differences observed in the right inferior longitudinal fasciculus were found specifically in the periventricular zones within these tracts. These findings are generally consistent with the pathological characteristics of preterm brain injury \[[@pone.0142860.ref016]\]. They are also consistent with evidence from animal models of prematurity that document the vulnerability of periventricular white matter to injury from hypoxic-ischemic and inflammatory responses experienced during late gestation \[[@pone.0142860.ref084], [@pone.0142860.ref085]\]. In contrast, group differences observed in the right inferior fronto-occipital fasciculus and left inferior longitudinal fasciculus localized to segments that were not directly adjacent to the lateral ventricles. More research is needed to determine whether group differences observed in regions distal to the lateral ventricles reflect white matter injuries or dsymaturation arising from similar or distinct neuropathological processes from those observed in periventricular areas. Such studies may benefit from the use of animal models of prematurity \[[@pone.0142860.ref086]\] or MR spectroscopy for distinguishing amongst cellular mechanisms related to axonal dysmaturity or astrogliosis that may contribute to white matter injuries associated with prematurity \[[@pone.0142860.ref087]\].

Contrary to the initial hypothesis, FA of the periventricular left or right corticospinal tracts and forceps minor did not differ significantly between preterm and full term groups. There are several possible interpretations for the lack of differences within these periventricular tracts. One possibility is that injuries in these pathways observed in other studies at term equivalent ages \[[@pone.0142860.ref006], [@pone.0142860.ref044], [@pone.0142860.ref047]\] may have resolved by the ages studied here. Age-related increases in FA are well documented in children \[[@pone.0142860.ref088]--[@pone.0142860.ref090]\] and could thus compensate for initial decreases in FA. A second possibility is that the differences resolved because the present sample of preterm children received enhanced education and therapy. White matter microstructural changes are demonstrated to occur in response to a range of environmental experiences in numerous animal species \[[@pone.0142860.ref091]\] and in response to intensive behavioral remediation in humans \[[@pone.0142860.ref092]--[@pone.0142860.ref096]\]. Early injury to the forceps minor and corticospinal tracts \[[@pone.0142860.ref006], [@pone.0142860.ref044], [@pone.0142860.ref047]\] could thus recover as children practice the visual or motor skills dependent on axonal projections that comprise these tracts.

The lack of significant group differences within corticospinal tracts and the forceps minor may also be explained by several methodological differences across studies. The procedures we used for identifying and segmenting tracts were designed to characterize core tract regions. Our procedures purposely excluded peripheral tract segments that are more variable and susceptible to partial voluming \[[@pone.0142860.ref042]\]. The present methods may thus be insensitive to group differences, that in previous voxel-based studies, have been shown to occur in regions of the corticospinal tract that extend beyond the core tract regions analyzed here \[[@pone.0142860.ref006], [@pone.0142860.ref038]\]. By ignoring peripheral tract regions, the present methods may also be insensitive to group differences that may occur in more distal regions that can otherwise be captured by mean tract measures generated from averaging diffusion properties over the entire length of white matter pathways \[[@pone.0142860.ref010]\]. Alternatively, it is possible that by isolating only core tract regions, the present methods capture fibers that may be robust to injury and dysmaturation or have enhanced capabilities for recovery. Finally, it is also possible that the present pattern of observations relates to specific clinical characteristics of the present sample. Investigating these possibilities will ultimately require replication in other samples, as well as longitudinal analyses to understand whether FA differences observed at younger ages change in association with age or specific environmental experiences.

Group differences in non-periventricular tracts {#sec025}
-----------------------------------------------

In the present study, we observed evidence for microstructural differences between the preterm and full term groups in non-periventricular tracts, including the anterior thalamic radiations and the uncinate fasciculus. These findings are consistent with previous tractography studies that have found group FA differences within the left and right anterior thalamic radiations in preterm neonates with varying degrees of white matter abnormalities \[[@pone.0142860.ref097]\], as well as findings from a tractography study in which a group of preterm children demonstrated reduced FA in both the left and right uncinate compared to the full term group \[[@pone.0142860.ref009]\]. Together with these findings, the present pattern of results suggests that white matter changes associated with preterm birth are also diffuse \[[@pone.0142860.ref004], [@pone.0142860.ref016]\].

Evidence for microstructural differences within the anterior thalamic radiations and uncinate fasciculus also have important implications for understanding the range of neurodevelopmental outcomes experienced by children born preterm. Axonal projections contained within the anterior thalamic radiations are known to connect the thalamus, striatum, and frontal lobes \[[@pone.0142860.ref098]\]. The uncinate fasciculus connects regions of the anterior temporal and inferior frontal lobes and has been implicated in higher-order cognitive and linguistic skills \[[@pone.0142860.ref099]\]. Evidence for injury or dysmaturity to fiber connections of the anterior thalamic radiations in preterm children may account, in part, for individual variations in behavioral abilities thought to involve functions of the frontal lobes, including attention \[[@pone.0142860.ref100]--[@pone.0142860.ref102]\] and working memory processes \[[@pone.0142860.ref103]--[@pone.0142860.ref105]\]. Similarly, evidence for injury or dysmaturity within the uncinate fasciculus may account for the range of language and reading outcomes observed in preterm children \[[@pone.0142860.ref106]--[@pone.0142860.ref109]\].

The present study cannot determine whether the group differences observed in the anterior thalamic radiations or uncinate fasciculus reflect the long-term consequences of early injury or altered maturation, or differences related to developmental experiences after birth. Multiple sources of evidence indicate that myelination of supramodal frontal and temporal cortices has a protracted developmental time-course relative to unimodal cortices responsible for supporting primary sensorimotor processes \[[@pone.0142860.ref110], [@pone.0142860.ref111]\]. Longitudinal studies will be important for determining whether the observed group differences seen here and in other studies of older preterm children and adults \[[@pone.0142860.ref009]--[@pone.0142860.ref012]\] reflect sustained injuries from birth or delayed differences reflective of altered maturation in the myelination of these pathways or compensatory processes. In addition, intervention studies will be important for determining whether microstructural properties of white matter tracts are capable of changing in association with specific educational or medical therapies for improving functional outcomes. Such findings would have important implications for understanding neural basis of plasticity following early white matter injury and functional characteristics of white matter pathways in general.

Gestational Age {#sec026}
---------------

In this study we observed very few statistically significant associations between FA and gestational age at birth of the preterm participants. Studies find that behavioral outcomes of children born preterm tend to correlate with gestational age at birth, including cerebral palsy, which itself is associated with brain injury \[[@pone.0142860.ref112]\]. Studies have also found that selected brain findings, such as bi-parietal width, are also correlated with gestational age at birth \[[@pone.0142860.ref113]\]. Such relationships suggest that white matter properties associated with poor outcomes might also be associated with gestational age. Indeed, studies have observed associations between white matter properties in relation to gestational age at birth \[[@pone.0142860.ref045], [@pone.0142860.ref049], [@pone.0142860.ref114]--[@pone.0142860.ref119]\]. However, it has also been shown that accumulated medical variables over the course of the neonatal hospitalization are more predictive than gestational age \[[@pone.0142860.ref120], [@pone.0142860.ref121]\]. Several additional explanations may account for the minimal significant correlations observed here. First, sample sizes must be adequately powered to observe associations. The present sample size may be too small to detect such correlations over and above individual differences within the preterm group. Second, correlations between diffusion properties and gestational age may be strongest at the limits of viability, similar to correlations with behavioral outcomes \[[@pone.0142860.ref122]\]. Here, the gestational age range of the participants in this study was broad. Third, white matter injuries may be associated with the timing of adverse complications from preterm birth, such as hypoxia-ischemia and infection, and these events may occur pre-, peri- or post- natally. Diffusion properties may therefore be more closely associated with the presence of acute adverse medical events than with gestational age per se \[[@pone.0142860.ref047]\]. Samples larger than the present one would be required to investigate such associations and will be useful for performing sub-group analyses to determine whether group differences on the basis of preterm birth may be driven by specific gestational age-ranges.

Variations in the diffusion properties across tracts {#sec027}
----------------------------------------------------

Across the different tracts assessed in this study, we found that the preterm group had both decreased and increased FA relative to the full term group. Such findings suggest that the underlying neurobiological factors that contribute to FA differences vary across and along the trajectory of individual white matter tracts.

Evidence for decreased FA within anterior segments of the right inferior fronto-occipital fasciculus and bilateral uncinate fasciculus in the preterm group is consistent with several previous studies of preterm children and adults at various ages \[[@pone.0142860.ref009]--[@pone.0142860.ref012]\]. Interestingly, decreased FA was not detected within this same sample using a different diffusion tensor imaging analytic strategy \[[@pone.0142860.ref038]\]. The different results using the two methods suggest greater sensitivity of tractography to group differences in this clinical group. The primary assumption about decreased FA in children born preterm is that the results suggest decreased myelination. Groeschel and colleagues (2014) specifically postulated that decreased FA in the preterm group would occur in segments of the corpus callosum and internal capsule where there was a single fiber orientation. In these regions, increased radial diffusivity appeared to be the largest contributor to decreased FA \[[@pone.0142860.ref011]\]. Our results were quite similar for the anterior segments of the right inferior fronto-occipital fasciculus where we too found decreased FA and increased radial diffusivity. However, within the uncinate fasciculus bilaterally and also within anterior segments of the right inferior fronto-occipital fasciculus, the preterm group in the current study had decreased FA and elevated AD. Any explanations for decreased FA in these tracts that we might offer would be speculative. Nonetheless, taken together, these variations in diffusion properties suggest that underlying tissue properties related to myelin and axonal status may vary and interact in different tracts with both changes leading to decreased FA.

Increased FA in several tracts of the preterm group is consistent with findings from this cohort using a different dMRI analytic strategy \[[@pone.0142860.ref038]\], as well as other dMRI studies of children, adolescents and adults born preterm \[[@pone.0142860.ref011], [@pone.0142860.ref037], [@pone.0142860.ref039], [@pone.0142860.ref040]\]. Groeschel et al., (2014) located increased FA to predominantly crossing-fiber regions where the interpretation of radial and axial diffusivity is not meaningful. They attributed increased FA to a decrease in anisotropy of a contributing fiber bundle. A similar explanation would be a reduction in the number or density of crossing fibers from axonal loss in the preterm group that could result in increased FA \[[@pone.0142860.ref028]\]. Alternatively, increased FA may reflect increased myelination from compensatory processes. However, such interpretations for FA are only likely to reflect changes in myelin status within white matter tracts demonstrating single fiber orientations \[[@pone.0142860.ref022]\]. Studies have estimated that the majority of white matter voxels (60--90%) contain crossing fibers \[[@pone.0142860.ref029]\]. Taken together, such findings suggest that the observed patterns for both increased and decreased FA in the present study may reflect inter- and intra- tract variations in the proportions of crossing fibers. Distinguishing amongst these interpretations for FA is likely to require additional neuroimaging techniques for obtaining voxel-based estimates for the proportion of crossing fibers \[[@pone.0142860.ref123], [@pone.0142860.ref124]\] and tissue myelination \[[@pone.0142860.ref125], [@pone.0142860.ref126]\]. In general, combining such methods with FA measurements is likely to afford greater understandings for the neurobiological underpinnings of both decreased and increased FA observed in preterm children at different ages. For example, this combination may help to clarify whether increased FA within specific pathways is associated with high myelin content, or alternatively whether increased FA in the context of low myelin content may reflect decreased numbers of crossing fibers possibly related to axonal loss.

Limitations {#sec028}
===========

The current group of children born preterm represented a convenience sample with a wide age range. Given the large age range of the current sample, it is possible that developmental changes in FA could have accounted for the present group differences. However, we think that this possibility was low because we did not observe significant main effects of age for any white matter tract in omnibus tests performed to identify group differences. Replication studies within specific age groups and/or larger sample sizes will be important for establishing the generalizability of the present findings.

Conclusions and Future Directions {#sec029}
=================================

This dMRI tractography study confirms that differences in white matter microstructure observed for children born preterm persist into adolescence. Group differences are found in both periventricular and non-periventricular white matter tracts. The pattern of results is complex: the preterm group shows both increased and decreased FA values in different segments of the identified white matter tracts compared to the full term group. Future studies using quantitative MRI measurements are needed to understand the sources of the identified differences. In addition, longitudinal analyses may help to determine how patterns of prematurity-related white matter differences change from birth to adulthood. Future studies involving larger samples of preterm and full term children than the current study will be important for understanding how other factors that are known to affect white matter development, such as sex and birth weight \[[@pone.0142860.ref077], [@pone.0142860.ref127], [@pone.0142860.ref128]\], interact with group differences. Finally, future studies should consider the functional implications of the structural differences identified here between children born preterm and full term.
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